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ABSTRACT 
The electric organ of G. carapo is formed by linearly arrayed electroplaques which 
lie  in four tubes  on each side of the fish.  In one tube the electroplaques  are inner- 
vated  on  their  rostral  surfaces,  in the  others on  the  caudal.  Both surfaces of each 
electroplaque produce spikes,  and either can be excited alone by a  suitably oriented 
externally  applied  stimulating  current.  The  innervated  surface,  however,  has  a 
lower threshold, and in the normal organ activity, which is a continuous discharge at 
35 to 60/sec., it is always fired first by the large neurally evoked postsynaptic poten- 
tial.  The spike of the innervated face then fires  the opposite face. The potential  re- 
corded  external  to  the  innervated  face  is  initially  negative  and  becomes  positive 
when the other face fires. The potential outside the other face is inverted. The p.s.p.'s 
are electrically inexcitable, have short duration, and are augmented by hyperpolariza- 
tion.  A  single  electroplaque  is  innervated  by  several  nerve  fibers,  which  produce 
summative p.s.p.'s.  Homosynaptic facilitation  of p.s.p.'s  is  common. The synapses 
are  cholinoceptive.  The  organ  discharge  begins  with  synchronized  activity  in  the 
rostrally  innervated  electroplaques.  After a  brief interval,  the electroplaques in the 
other three tubes fire.  The organ discharge therefore is triphasic,  resulting from the 
summation of the  two diphasic  components that  are oppositely directed  and  asyn- 
chronous. Observations on the sensory role of the organ are included. 
INTRODUCTION 
All  the  knifefishes,  gymnotid  relatives  of  the  electric  eel,  that  have  been 
studied  thus far,  are weakly electric fishes  (19, 32, 43). These findings confirm 
the conclusion of Carl Sachs derived from anatomical data,  but questioned by 
other  observers  who  considered  the  fish  to  be  "pseudoelectric"  (cf.  reference 
15),  because  the  discharges  could  not  be  measured  with  the  then  available 
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instruments. 1 The electrophysiological data obtained with  external recording 
(cf.  reference 32)  have  disclosed  a  number  of  remarkable  features  in  their 
activity. All the gymnotids which have been investigated emit pulses that, in 
form,  frequency,  and  amplitude  are  characteristic  for  a  particular  species. 
The frequency ranges  from a  few pulses  per second to more than  1000/sec. 
It is  constant and independent of external stimuli in some gymnotid species, 
but in others the frequency varies with activity or upon stimulation. In gen- 
eial, the latter are species of fish which discharge at frequencies below 60/sec. 
The form of the pulse that is rhythmically emitted by the fish varies from a 
relatively simple spike-like discharge which  is  usually tail-negative,  to  com- 
plex pulses with a number of phase reversals. In some fish the pulses recorded 
from different sites on the body differ markedly in form, indicating that  the 
electric organ of the fish is composed of several differently oriented arrays of 
electroplaques. The fish are remarkably sensitive to changes  in the  conduct- 
ance of their medium, as may be shown by introducing a  conductor in their 
vicinity. Depending on the fish,  they will attack or attempt to escape from it. 
They appear to utilize their electrical discharge as the power source in an ex- 
tremely sensitive guidance system (44, 45). 
This  electrical activity, which is  of interest, of course, in  connection with 
the special problems of the physiology of electric organs  and of their evolu- 
tion, also raises a number of questions that relate to general aspects of electro- 
physiology.  What  are  the  neurological  mechanisms  which  initiate  and 
maintain repetitive activity that  is  species-specific and that may be remark- 
ably constant in frequency? What are the electrophysiology and pharmacology 
of the  transmissional  process at  the  electroplaques? What  are  the metabolic 
and ionic mechanisms which permit neurons and electroplaques in these fish 
to operate as bioelectric pulse generators at rates which, in some species, are 
as  high  as  any known  in  the mammalian  central nervous or neuromuscular 
systems,  but  which  in  these  latter  structures  are  maintained  only for brief 
times  (36,  50; cf.  also reference 22)?  What  is  the physiology of the  sensory 
mechanism which utilizes the pulses and which therefore must have an elec- 
trically excitable receptor (34)  in contrast to other known receptors (31)? 
The availability of a large variety of electric organs which apparently func- 
tion in different ways in  the different species of knifefishes makes feasible a 
comparative approach  to  these  questions  and  thereby promises  to  facilitate 
1  However, a  simple,  classical test object, Galvani's rheoscopic frog preparation, 
demonstrates that carapo and several  other species of gymnotids emit pulses large 
enough to cause contraction of the muscle. Although  Sachs used this preparation on 
electric eels (15) he apparently did not do so with Eigenmannia virescens, one of the 
weakly electric  knifefishes which  he  examined  (32) and  which  has  been tested  in 
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the search for answers.  This paper details  the data,  including recordings with 
intracellular  microelectrodes,  on the electrophysiology of the electric organ of 
Gymnotus carapo, obtained as part of a  series of studies  on the problems enu- 
merated  above. A  preliminary report was published  earlier  (12). 
Methods 
Other  workers  have  described  the  general  methods  of microelectrode  recording 
(22,  49,  55).  The  transistorized  neutralized  capacity  amplifiers  developed  in  this 
laboratory (9), which were used in the present work, permitted differential recordings 
across one face of an electroplaque even during the activity of the whole organ (Figs. 
15, 16). In some experiments four electrodes were positioned about and inside a single 
electroplaque.  For  this  purpose  micrometer-driven  manipulators  were  particularly 
convenient.  2 Intracellular stimuli  were delivered  through an independent  microelec- 
trode. This obviated the need for a  bridge circuit and permitted  registration of the 
absolute  voltages.  Currents  were measured  as the voltage drop across a  known re- 
sistance  in  the  stimulating  path.  Other  details  of  the  recording  and  stimulating 
equipment were described previously (30, 37). 
Intact fish were used, held in a closely fitting cage with part of the tail protruding 
and fastened down to a paraffin block. The head of the fish dipped into a well of aer- 
ated water to maintain respiration. When the electroplaques were to be excited only 
by applied  stimuli,  the  rhythmic centrally  controlled discharges were abolished  by 
spinal  section or by pithing the cord. Otherwise,  differential recording, as described 
above, minimized pick-up of potentials from electroplaques other than the one under 
study. 
The electric organ was exposed by dissection  of the overlying skin  and  musc]es. 
As will be described below (Fig.  1), the electroplaques lie in a linear array in tubular 
structures of connective tissue.  Penetration of the electroplaques with microelectrodes 
therefore was made easier by removing the connective tissue.  The exposed organ was 
kept moist by a  constant drip of Electrophorus Ringer solution  (8).  Room tempera- 
tures were in the vicinity of 20°C. 
RESULTS 
A. Anatomy of the Electric Organ 
Four  longitudinal  tubes  lying one  above the  other  in a  dorsoventral  plane 
on each side of the fish immediately above the anal fin musculature  comprise 
the  electric  organ  (Fig.  1).  Each  tube  is  divided  by  connective  tissue  septa 
(S)  with  one compartment  for each segment.  Approximately midway in each 
compartment  formed  by  the  septa  lies  a  drum-like  electroplaque  (PI)  about 
200/~  thick and 400 #  in diameter,  which can be distinguished  from the con- 
nective tissue without staining.  On their circumference the cylindrical electro- 
2 The manipulators are made by Andrew Pfeiffer,  Box 450,  R.F.D.  1, Old Lyme, 
Connecticut.  The  neutralized  capacity  amplifiers  are  manufactured  by Bioelectric 
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FIG. 1.  Electric organ of G. carapo. A, cross-section at two magnifications of region 
2  cm.  from tip of tail. View on right is of 1 mm. portion indicated by lines on low 
power section.  1-4, the four tubes of each side with electroplaques seen in  1  and 3 
Spaces above tubes  are fixation artifacts.  C,  spinal cord.  Hematoxylin-eosin stain. 
B, photograph of unstained preparation dissected for inserting microelectrode shows 
electroplaques in all four tubes. Right, diagram of same preparation. N, nerve fibers; 
P1, electroplaques; S, septa. MICHAEL  V.  L.  BENNETT  AND  HARRY  GRUND~EST  1071 
plaques adhere closely to the tissue of the tube, but their rostral and caudal 
surfaces  are  exposed  to  the  spaces  within  the  compartment.  One  of  these 
surfaces is innervated, the plexus of nerve fibers and the larger nerve trunks 
being  clearly seen under  the low power  dissecting microscope.  This  surface 
also appears  thicker than the uninnervated. The electroplaques in the most 
dorsal tube  (1)  are innervated on their rostral,  those in the other tubes,  on 
their caudal surfaces. 
Electrophysiological evidence to be presented below shows that up to five 
nerve  fibers  innervate  one  electroplaque.  These  course  in  several  different 
nerve trunks which emerge from the  spinal  cord,  as is  also  the case in  the 
electric eel (8). 
Not all the four tubes run the full length of the organ. All are present at the 
tip of the tail, but tubes  1 and 4 terminate near the anterior margin of the 
anal  fin.  One,  probably  tube  3,  is  the  longest  and  extends  to  the  pec- 
toral girdle. Anterior to  the anal fin it lies  medially just under  the ventral 
surface. Dorsal and slightly lateral to this tube, between the anal fin and the 
pectoral girdle, is a small group of elongated electroplaques which also appear 
to be different in other morphological respects. Data to be presented in Fig. 3 
indicate that another electric generator is present in this region, but its ac- 
tivity has not been investigated further as yet. 
B.  The Externally Recorded Organ Discharge 
Frequency of Discharge and Its Modification.--At  rest, different individuals 
of the species discharge at frequencies which range from about 35/see.  (Fig. 
2)  to about 60/see.  (19).  A  somewhat narrower but nevertheless appreciable 
range of frequencies has been observed among individuals in other species  of 
knifefishes, including those which discharge at a  constant rate (unpublished). 
Aside from its dependence on the temperature of the central nervous system 
(19) no obvious determinant of the basal frequency has been noted. Probably, 
therefore, the frequency is set in a  given  individual by factors in the neural 
organization and/or in the electrophysiological properties  of the system (32). 
In carapo the frequency could be modified transiently by various stimuli, two 
types being shown in Fig. 2. 
A light tap on the wall of the tank in which the fish was held during the ex- 
periment caused a  temporary increase in the discharge frequency denoted by 
the earlier onset of the second pulse in  the  sweep  (A).  The frequency was 
changed transiently also by changing the  conductivity in the vicinity of the 
fish during the time that a  pulse was emitted, but not during the quiescent 
period between pulses (B). 
The Field Generated about the Fish by Its Pu/ses.--The absolute magnitude 
of the discharge varied with the recording conditions (e.g. volume of water; 
its  composition; proximity of the  electrodes to  the fish; size  of the  animal, A 
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FIG. 2.  Induced  changes  in frequency  of discharge in G. carapo.  Sweep  triggered 
by one discharge of the fish was sufficiently slow to show also the next discharge. The 
third discharge again triggered the sweep. Each therefore registers successive pairs of 
pulses emitted by fish. A, relatively constant frequency at about 40/sec. was increased 
on the 14th sweep of the sequence by tapping  the wall of the tank. The effect of the 
stimulation  gradually  subsided.  B1,  B2,  another  experiment  with  similar  recording. 
Bt leads from electrodes at the head and tail of the fish were brought out to a rapidly 
acting relay. At various times during the sweep the relay contacts were dosed for  12 
msec., and the electrodes connected together through a  1000 ~  resistor. The frequency 
of  the  discharge  was not  affected  when  the  connections  were made in  the  interval 
between pulses. However, when a pulse was emitted while the fish was short-circuited 
(denoted in the records by the smaller amplitude of the pulse) there was a temporary 
speeding and slowing of the discharge. The return to the original level persisted as is 
seen in the initial part of B2, taken about 5 sec. later, after approximately 175 pulses 
had  been  emitted;  i.e., well after the  "adaptation"  had  set in.  In the course of the 
sequence in B2 the relay was disconnected and  the end  of the intervals of short-cir- 
cuiting was marked by a  transient increase in the discharge frequency. 
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FIG. 3.  Potential  field  around  G.  carapo during  a  single pulse  of the  repetitive 
discharge.  Two  simultaneous  rnonopoiar recordings  from a  10  an.  long fish.  One 
active electrode was always at the tip of the tail (second record from top). The other 
trace registered the potential recorded by a roving electrode located close to the fish 
at the levels shown on the diagram. The reference for both traces was a distant in- 
different electrode. Along the body the potential decreased rapidly from its maximum 
at the tail, but increased with a complex change in form at a region localized sharply 
to the ventral part between the anterior edge of the anal fin and the anus, which in 
the knifefishes  lies immediately behind the head. 1074  ELECTRIC  ORGAN  IN G. CARAPO 
etc.). However, in any one experiment the relative timing of the pulses, and 
their phase and amplitude relations at different sites of the body provide some 
general information about the electrical generators of the  organ.  The  mag- 
nitude of the potential and the form of the pulse recorded externally varied 
with the recording site in the vicinity of the fish (Fig. 3). The largest potential 
was always seen immediately at the tip of the tail. The amplitude decreased as 
the electrode was moved away from the fish (uppermost trace). The decline 
in amplitude as the exploring electrode was brought forward on the fish was 
greater (third trace) and underwent a phase reversal (fourth trace). The am- 
plitude of the pulse grew large again rapidly in the region anterior to the anal 
fin. The form was distorted, suggesting that a  new generator was probably 
contributing to the potential, and this was further indicated by the appear- 
ance  of  an  early,  slowly rising,  and  relatively long lasting positivity.  The 
distortion was present only on recording from the ventral surface about the 
anal region, and may have been due to activity of the elongated electroplaques 
mentioned above. 
This  distortion aside,  the high relative amplitude of the potential at  the 
rostml pole, its inversion in comparison with the potential at the tip of the 
tail,  and the  small size  of  the potentials  along the  body,  suggest  that  the 
pulses are produced by a dipole generator which undergoes several oscillatory 
reversals of sign (of. reference 44).  The form of the pulse will be analyzed in 
connection with Fig. 16, in terms of the different electrogenic components of 
the organ. 
Internal  Resistance of the Electric Organ.--Since  only eight tubes of electro- 
plaques contribute to the bilateral organs it may be expected that the internal 
resistance of the generator is high. As the organs are sheathed in various layers 
of body tissue a  quantitative statement of that resistance cannot be given at 
this time. However, a qualitative demonstration that it is high is easy to per- 
form. The potential recorded from the fish in a small constant volume of water 
was markedly affected as the conductivity of the fluid was altered by slightly 
increasing its NaC1  content. The potential, recorded in distilled water,  was 
decreased to about half in  1.0 n~  NaC1. 
C. Electrically Excitable Components in the Potentials of Individual 
Electroplaques 
Resting Potential,  Threshold, and Latency for Spikes.--In  the experiment of 
Fig.  4  an  electroplaque  of an  organ made  quiescent  by spinal  section was 
impaled with two mieroelectrodes, one for recording, the other for stimulating 
the cell. The resting potential was about 85 my. 
In response to intracellular depolarizations that were nearly threshold for 
spikes, a  local response was produced (B, D) out of which rose a  spike when 
the stimulus was increased (C,  E, F). The critical firing level was about 30 
my. The spike had an overshoot and ranged in amplitude from about 125 to MICHAEL  V.  I,.  BENNETT  AND  HARRY  GRUNDFEST  1075 
150 my. Its duration was brief, less than 0.7  msec. The latency for producing 
spikes could be long (F), but as the stimulus strength was increased the la- 
tency shortened until it was obscured in the shock artifact.  The long latency 
spikes were lower in amplitude (F). 
Potentials External to a Single Active Electroplaclue.--In  the experiment of 
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Fzo. 4.  Resting potential and  directly excited spikes  of a  single  electroplaque 
Three traces in each record: upper, is the registration of an intracellulsrly applied 
stimulating  current;  m/dd2e, the  zero  reference;  lower, the  intracellular'  potential 
recorded with another microelectrode.  The resting potential was 82 my. A, stimulus 
below threshold; B, this depolarization  produced a local response which outlasted the 
stimulus;  C, the slightly stronger stimulus evoked a spike about 0.7 msec. after the 
end of the 1 msec. depolarizing pulse; D,//, longer stimuli  (2 msec.) produced a local 
response  and  a  spike;  F,  six  superimposed  sweeps  with  gradually  increasing  7.5 
msec. depolarizing  stimuli.  The weakest stimulus  was slightly below threshold.  The 
critical firing level to elicit a spike was attained progressively  earlier in each of the 
other stimulations with successively stronger stimuli. 
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Fig.  S,  the organ was exposed,  but the tube structure  was left intact.  Two 
microelectrodes impaled an electroplaque of the third  tube,  one of the elec- 
trodes  delivering  stimuli  to  the  cell,  the  other  recording  the  intracellular 
spike.  A third microelectrode was used to explore  the potentials in different 
parts  of the electric organ immediately in the vicinity of the active electro- 
plaque,  as denoted in  the figure.  The  upper of the two traces  at  each site 
indicates the potential before the exploring  microelectrode had penetrated the 
organ.  Inside the tube which contained the active electroplaque, the potentials 
were large.  Inside adjacent tubes,  or externally,  they were small.  Thus,  the 
resistance of the tube walls was high. The septa offered far less resistance,  for 
there was little additional  decrement in the potential  on crossing  a  septum, 
compared with the drop along the compartment.  Opening  the wall of a  tube 
decreased the potential produced along it by one of the electroplaques in it. 
Therefore,  the  tubes are insulators  which tend  to channel  the current  flow 
longitudinally. 
The form of the potential recorded in the tube of the active electroplaque 
was  diphasic  and  of  opposite signs  rostrally  and  caudally  to  the  cell.  Di- 
phasicity does not occur in the externally recorded responses  of electroplaques 
of the eel  (8, 41),  nor in  the electrically inexcitable organs of marine  fishes 
(R. c/avata  (16);  torpedoes and Astroscopus (14)).  In  these forms, it  will  be 
recalled,  only the innervated  surface is  active, in the eel responding with a 
spike.  As will be shown below, both faces of the electroplaques of ¢arapo are 
electrically excitable and generate spikes. The initial response always arises at 
the innervated surface.  The exterior of this face then becomes negative. Posi- 
tivity develops when the opposite face discharges.  In tube 3, as illustrated in 
Fig.  5,  the caudal face showed this  sequence and  the inverted sequence oc- 
curred at the rostral face. This was also true for recordings  from tubes 2 and 
4, while the reverse held for tube 1, in which the electroplaques are innervated 
on their rostral faces (~. Fig. 8). The rostral electroplaque in tube 2 developed 
a postsynaptic potential (p.s.p.) which will be described below. In the experi- 
ment of Fig. 5, when the stimulating current discharged the electroplaque in 
tube 3, apparently one or more nerve fibers were excited. 
Separation of the Response of the Two Faces.--By  virtue  of the geometry 
and electrical  characteristics of electroplaques (7), and in carapo aided by the 
location of the latter  in  tubes,  external  currents  applied perpendicularly  to 
the major faces  of the cell depolarize  one face and hyperpolarize  the other. 
The  reversed current  flow has  the opposite effects on  the two faces.  In  eel 
electroplaques, only a  current  which depolarizes  the caudal  surface elicits  a 
spike.  The electroplaques of carapo develop spikes in response to either direc- 
tion of current flow (Fig.  6 B, C). The intracellularly  recorded spikes evoked 
by these stimuli are not necessarily distinguishable from each other, or from 
the  responses  to  an  intracellular  stimulus  (A).  However, recording  the po- II  lil 
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Fie. 5.  External field produced during activity of a single directly excited electro- 
plaque. The diagram shows portions of three of the four tubes. The top of the figure 
is rostral. Electroplaques  (two), in each of the tubes, are outlined in heavy lines. The 
septa  between  them  are  indicated  by  broken  lines.  An  intracdlular  electrode  was 
used to stimulate the lower plaque in tube 3, and its response, recorded with a second 
intracellular  electrode is shown within the rectangle representing the plaque. A third 
microelectrode explored the field during this response. The two traces at each record- 
ing site show respectively the potential recorded before the latter microelectrode had 
penetrated  the  tube  (upper  trace)  and  after penetration  (lower  trace).  The resting 
potentials  recorded  inside  the  electroplaques  are not  shown.  Note  that  outside  the 
rostral  face of the  active electroplaque  the potential  was diphasic,  small positivity 
first,  followed by large negativity.  Outside  the  caudal  (innervated)  surface the po- 
tential was negative first, then became positive. Further analysis in text. 
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tential outside one of the faces of the electroplaque simultaneously with the 
intracellular  activity  discloses  that  the  directly  depolarized  face  is  always 
excited first. Thus, in B the applied current depolarized the innervated surface. 
The intracellular  spike was initially  accompanied by extracellular  negativity 
at this face.  Reversing the stimulating  current  (C)  excited the unlnuervated 
face first and the same external electrode recorded initial positivity. 
Strong stimuli produced intracellular spikes of two components (of. Be, Ca), 
the later component in each case arising  from activity of the hyperpolarized 
face,  as indicated by the signs  of the delayed extracellular  potentials.  These 
delayed responses  in  each case arose from stimulation  of the hyperpolarized 
face by the spike of the depolarized,  for hyperpolarization of both faces of the 
electroplaque did not result in spikes (Fig.  9). With still  stronger stimuli the 
spike  of  the  depolarized  face  failed  to  excite  the  strongly  hyperpolarized 
surface,  or the response of the latter  became small.  The  intracellular  spike 
then  lost its  second component  (Fig.  6, Blo,  Clo),  and  the extracellular  po- 
tential showed little or no activity of the hyperpolarized face. 
Further  information  on the properties of the two excitable membranes in 
the cell was obtained on grading the intensity of the applied currents,  a pro- 
cedure which disclosed  differences  of various kinds between the membranes. 
The  rheobasic currents  to excite the  two faces were nearly  equal  (B,,  C,). 
However, the strength-latency  curves were very different,  a  much  stronger 
stimulus  being required  to reduce  the  latency of the response of the unin- 
nervated face,  as may be noted by comparing  the responses in B8 and C,, 
produced by equal but opposite currents.  Correspondingly,  at a  given stim- 
ulus strength there was a greater delay between the response of the innervated 
face and  its  excitation  of the tminnervated  membrane  than  in  the  reverse 
sequence (Be, Ca). Also, a much weaker hyperpolarization of the uninnervated 
face was required to prevent its excitation by the innervated  face than  the 
converse. 
A  threshold  response  to  depolarization  of  the  innervated  surface  which 
developed after a long latency (B~) was small,  apparently as a result of inac- 
tivation (38).  Only negativity appeared in the external record, denoting that 
the opposite face had not been excited.  When the response of the innervated 
face  appeared  earlier  it  became  progressively  larger  and  developed  more 
steeply. This more effective stimulus evoked a spike in the opposite face which 
arose progressively earlier.  However, it may be noted that  the amplitude of 
the potential contributed by the latter was always smaller than the height of 
the spike of the innervated face. This is probably due to the recording condi- 
tions,  as will be described below.  When the response of the strongly hyper- 
polarized surface was virtually absent (B~0, C10), a  small external diphasicity 
remained.  This may have been due either to a very small  response,  or alter- 
natively, to discharge  of the capacity of the inactive membrane. MICHAEL  V.  L.  BENNETT  AND  HARRY  GRUNDFEST  1081 
Current flow in the opposite direction  (C1) evoked a  local  response of the 
unlnnervated  face and  a  small,  prolonged posifivity outside  the  innervated 
membrane. A slight increase in the stimulus (C~) caused a steeper depolariza- 
tion of the uninnervated  membrane  and  this  triggered a  spike of the inner- 
vated surface,  evidenced by the large negative external potential. As was the 
case  in  series  B,  stronger  stimuli  which  evoked earlier  responses  produced 
larger spikes in the directly depolarized membrane. As already noted, to delay 
appreciably onset of the spike of the innervated surface, the membrane of the 
latter had to be hyperpolarized very strongly (C6, C7). Depression and block 
of that spike (C8 to C10) decreased and eliminated the negative component of 
the externally recorded potential concomitantly. 
The intracellular spike of the uninnervated face was the smaller whether it 
was produced first (C) or second (B). Also it was always smaller in the latter 
case than in the former. These effects were caused, at least in part, by the use 
of  differential  recording  across  the  innervated  surface.  The  activity of  the 
opposite face therefore produced only an IR drop across the innervated mem- 
brane. This IR drop was smaller than the spike of the -nlnnervated membrane 
by the IR drop in  the remainder  of the current  path,  mainly extracellular, 
but with a small intracellular component. The extracellular electrode recorded 
part of the external IR drop. The membrane conductance of the innervated 
face increased during its spike, and for a short period thereafter. The response 
of the ,nlunervated  face then developed a  smaller IR drop across it.  Corre- 
spondingly, the external IR drop increased (of. BT; Cs to Cio). 
Tkreskolds  of tke  Two  Electrically  Excitable  Membranes.--At  all  effective 
values  of  an  intracellular  stimulus,  the  innervated  surface  responded  first. 
Therefore  its  spike-generating  membrane  had  the  lower  threshold.  Both 
membranes  were probably somewhat inactivated during  prolonged depolari- 
zation,  and  the later intracellular  responses,  produced by threshold  stimuli, 
were smaller than the earlier  spikes generated by stronger stimuli.  However, 
the externally recorded potential  became smaller as the spike grew.  This in- 
indicates that  the two membranes were becoming active more nearly simul- 
taneously,  the  opposed potentials  of  their  generators  reducing  the  external 
IR drop. 
Relation of Tkreskold  to Innervation.--The threshold of the innervated mem- 
brane was the lower in the electroplaques that were innervated on their rostral 
surface (tube 1) as well as in those of the other tubes, which were c~udally 
innervated.  The  difference  in  excitability  persisted  even  when  the  nerve 
supply had  degenerated.  In  a  few experiments,  amputated  portions  of  the 
electric organ  were regenerated  (cf.  reference 25).  The  innervation  of these 
electroplaques was always on their caudal faces,  even in the most dorsal tube 
(tube 1). In the regenerated electroplaques of this tube, also,  the threshold of 
the innervated membrane was the lower. 1082  ELECTRIC  ORGAN  IN  G.  CARAPO 
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Directly Excited Repetitive Adti~ty.--The  capacity of the electroplaques of 
carapo to discharge repetitively under central drive at a frequency which may 
be about 60/sec. is not determined by the refractoriness of the excitable mem- 
brane at or above this frequency. Brief intracellular depolarizing  pulses  (Fig. 
7 2") could drive the cell at 150/sec.  with the spike amplitude fairly constant 
after a large first response.  Continuous depolarization also evoked repetitive 
firing, but the maximum rate (D-G) was only about 100/sec. This frequency 
was attained by a surprisingly small increase of the stimulus. The current in 
D was only twice that in A, which may be considered as rheobasic. 
It was noted in connection with Fig.  6,  that the membrane appeared to 
become inactivated by rheobasic depolarizing  currents. The effect of current 
strength in this process is shown also in Fig.  7. Beginning with the sequence 
in  record E,  the  responses  decremented rapidly,  lost  their  appearance  of 
spikes,  and took on an oscillatory aspect. The small intracellnlar potential no 
longer  produced  appreciable  extracellular potentials.  However,  it  may be 
noted that the smallest of these potentials still  retained their diphasic char- 
acter.  Thus,  membranes of both  surfaces continued to  be excitable at  this 
stage. In addition to the decrease in response  height which may be ascribed 
to sodium ina£tivation (38), the membrane was no longer "damped" between 
the critical firing level and the postspike equilibrium potential (el. reference 
22)  which presumably reflects the potassium equilibrium potential (EK). In 
carapo, the latter approximated the resting potential. 
D. Postsynaptic. Potentials of the Ele~roplaques 
Ckara~er~'tica of the p.s.p.--A  neural stimulus  evoked only depolarizing 
p.s.p.'s  in  the electroplaques (Fig.  8).  The volley in  the nerve could elicit 
p.s.p.'s which were too small to cause a spike (Aa,/31). Then, increasing the 
stimulus to the nerve could lead to a  discharge (A~, B2). This confirms  the 
statement made earlier that  an  dectroplaque of c.arapo is  innervated by a 
number of fibers. Other data on this point are presented below. 
The duration of the p.s.p,  in carapo was only slightly longer than the spike. 
When a p.s.p,  was produced, a small extracellular potential was also seen, re- 
versed in sign at the two faces of the electroplaque (A1, B~). The potential 
was negative at the rostral face of the electroplaques in tube 1 (A~) and at 
the caudal face of those in the other tubes (tube 3 in/31). This conforms to 
the anatomical observations on the innervation of the electroplaques (Fig.  1). 
The initial phase of the extracellular action potential caused by the spike of 
the synaptically evoked responses  (A~, B2) always had the same sign as the 
externally recorded p.s.p.,  negative outside the innervated surface (Pacini's 
rule, el. reference 32). The depolarizing  p.s.p,  would probably tend to fire the 
innervated face first,  because of the shorter paths  for the excitatory local 
circuits. However, as already stated, the threshold of the innervated face to 1084  ELECTRIC  ORGAN  IN G. CARAPO 
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FIG. 8.  Responses  of  differently  innervated  electroplaques.  A,  records  from  an 
electroplaque in tube 1. B, records from a plaque in tube 3. Traces from above down, 
outside  rostral  face;  outside  caudal face;  and  intracellular  recording.  A1, B~,  weak 
stimulation  of  the  nerves  evoked  depolarizing  p.s.p.'s  which  produced  negativity 
outside the rostral face in A; and outside the caudal face in B1. A,, B2, stronger neural 
stimuli  evoked intraceUular  spikes  that  were  indistinguishable  in  the  two  electro- 
plaques. However, the diphasic externally recorded spike was initially negative at the 
rostral face in A2 and at the caudal face in B2. The correspondence in each case of 
synaptic negativity with the initial spike negativity demonstrates that the response 
developed first at the innervated face. As, Ba, stimuli were delivered through the intra- 
cellular  electrode.  The response in  this  case,  also,  arose at  the  innervated  surface 
indicating that the latter, rostral in electroplaques of tube 1, caudal in tubes 2 and 3 
and 4, was the lower threshold membrane. MICHAEL  V.  L.  BENNETT  AND  HAILRY GRUNDlCEST  1085 
intracellular  depolarizing  stimuli was always lower (As, Ba) than was that of 
the opposite face. It may be noted, incidentally, that the intraceilular records 
do not disclose  the differences  which are clearly demonstrated by the extra- 
cellular recordings.  The latencies of the p.s.p.'s in both tubes were nearly the 
same, as also were the critical firing levels for the spikes. 
Evidence  for Electrical Inexcitability of the p.s.p.--In the present work several 
of  the  tests  for  electrically inexcitable responses  (33)  were applied  and  in- 
dicated that the p.s.p.'s of carapo are electrically inexcitable.  The differential 
effect of hyperpolarizing currents on the spike and the p.s.p, exemplifies  one 
of the tests (Fig.  9). The spike which arose out of a p.s.p, after a neural stim- 
ulus  (A)  was delayed  (B),  and  blocked  (C,  D)  by hyperpolarizing  the  cell 
with  an  intraceUularly  applied  current.  The  apparent  decrease  in  the  am- 
plitude of the p.s.p. (D) was probably due to elimination of local responses in 
the electrically excitable membrane,  as was shown to be the case in eel eiec- 
troplaques  (7).  This conclusion  is supported by the fact that  as the eiectro- 
plaque  membrane  was  hyperpolarized  further  (E-H),  the  p.s.p,  grew 
progressively  in  amplitude.  The  current-voltage  relation  for  records  E-H 
indicates  that  the  membrane  resistance  increased  during  hyperpolarization, 
and by a  greater amount for the larger currents than for the smaller.  Thus, 
part of the increase in the p.s.p, was probably due to the higher IR drop of 
the synaptic depolar~:zlng current  across the increased membrane resistance. 
However, the maximum of this increase was only about 30 per cent (H), while 
the p.s.p, more than doubled in height. Although the membrane of the electro- 
plaque was hyperpolarized by almost  100 Inv.  (/7)  the latency of the p.s.p. 
was not changed. 
Effect of the p.s.p,  on the Spike.--In the experiment of Fig.  10, directly ex- 
cited spikes were produced (B) at various times during a neural volley which 
evoked a p.s.p, adequate to discharge the cell (2t). When the peak of the direct 
spike coincided with the p.s.p, its amplitude became up to 3 my. lower than 
it was when the spike was produced earlier.  When the direct spike was pro- 
duced simultaneously with the neurally evoked, the peak was higher  due to 
the synchronization of the response in the excitable membrane  (Figs.  6 and 
7). 
Summation o] p.s.p.'s.--The p.s.p.'s produced in an electroplaque by stim- 
ulating  different  nerve fibers summed  without  interference  with  each  other 
(Fig.  11). When the total depolarization exceeded the critical firing  level  (C, 
D) a  spike resulted.  It did not  matter  which p.s.p,  preceded (A-D; E, and 
F). 
Multiple  Innervation  of  Elextroplaques and  Gradation  of  p.s.p.'s.--When 
several different nerve fibers to an electroplaque are excited at different times, 
stimulation of one during the refractoriness of the others should produce an 
additional  p.s.p.  The stepwise increase in p.s.p,  in such experiments  can be 1086 
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FIG. 9.  Increase of p.s.p, by hyperpolaxization.  Upp~ ¢ra~e, potential across the 
innervated face of an electroplaque. Lower, current delivered through another intra- 
cellular microelectrode.  Experimental arrangement as in diagram. A neural stimulus 
evoked a p.s.p, and spike in the unpolarized cell (.4). Progressively increasing  hyper- 
polarization delayed onset of the spike (B); then eliminated all but a local response 
(C). Finally, (D-H), only a p.s.p, remained. The p.s.p, increased  in magnitude with 
increasing  hyperpolarization. Further explanation in text. MICHAEL  V.  L.  ])EN2CETT  AND  HARRY  GRUIVDI~EST  1087 
used to count the number of fibers. A  maximal stimulus to a  nerve trunk  1 
cm. away from an electroplaque evoked a p.s.p, in the latter which is the first 
depolarization of Fig.  12 A. The electroplaque was hyperpolarized to prevent 
its discharge by the p.s.p. A  second testing stimulus of graded intensity was 
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FIG. 10.  Decrease in spike height during the p.s.p.  A-C, responses in one electro- 
plaque. A neural volley (.4) evoked a p.s.p, which is seen in the external recording as 
a slow initial negativity. C, the direct response evoked a similar spike, but the response 
lacked a p.s.p. B, multiple exposure at same time scale, aligned with respect to the 
response in A above. The deflections represent direct spikes evoked at various times 
during the p.s.p, and recorded at three times the amplification  in A and C. During 
the p.s.p, the peak of the direct spike was slightly decreased. Following the decreased 
amplitude the spike height increased, as the depolarizing stimulus augmented further 
the  sy~pticaUy  evoked excitability and  discharged  the  cell  more syachrononsly 
(of. Fig.  7). D, another experiment. Only the peaks of the direct spikes are shown, 
aligned with the externally recorded neurally evoked response. The small decrease in 
spike amplitude during the p.s.p,  was followed by an increase in spike height which 
was also seen in B. 
applied close to the  innervated face about  1.5  msec.  after the  conditioning 
stimulus, while the nerve fibers excited by the latter were stiLl refractory. As 
the testing stimulus was increased to its maximum value two steps of addi- 
tional p.s.p.'s appeared on the falling phase of the first p.s.p. Thus, two fibers 
were excited by the second stimulus. 1088  ELECTRIC  ORGAN  IN"  G.  CARAPO 
In B  the stimulus  to the nerve trunk was graded and was followed by a 
maximal stimulus at  the innervated face.  Three steps  are seen in  the p.s.p. 
evoked by the  graded stimulus.  Thus,  combining the  data  of A  and  B  in- 
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FIG. 11.  S-ruination  of p:s.p.'s evoked  by dit~erent nerve fibers. Stimuli  which 
were delivered  to two nerve  trunks evoked unitary p.s.p.'s indicating  that a single 
fiber from each trunk was exciting the electroplaque.  Independence  of the two po- 
tentials  is seen in A. The presence or absence of a p.s.p, in response to the first stimu- 
lus did not affect the second p.s.p.  B-F, the intervals  between the two stimuli  were 
shortened.  Development  of the second p.s.p, nearly at the peak of the first  (C) pro- 
duced sufficient depolarization to elicit a  spike. D, the two p.s.p.'s were nearly simul- 
taneous  and summed  to evoke  an earlier  spike. E-F, the order  of the stimuli  was 
inverted.  As  the  interval  increased  again  the  summated  depolarization  was  not 
sufficient to excite a spike. 
dicates that five nerve fibers were involved in producing the graded p.s.p,  of 
the  electroplaque.  The  second stimulus  in  B  activated the  two nerve fibers 
that it had stimulated in A  and also any fibers which were not excited by the 
preceding stimulus  to the nerve.  When the stimulus  to the nerve excited no MICHAEL  V.  L.  BENNETT  AND  HARRy  GRUND~'EST  1089 
fiber or only the one of lowest threshold the second stimulus was more than 
adequate to discharge the cell. When the second step of the conditioning p.s.p. 
was evoked, the testing p.s.p, was just threshold and sometimes evoked spikes. 
The largest  conditioning p.s.p,  diminished  the  testing response still further. 
This remainder was the same amplitude as the p.s.p, to the maximal testing 
stimulus in A. 
The p.s.p.'s produced by the different nerve fibers were of different ampli- 
tudes, suggesting that different amounts of synaptic membrane were involved. 
i~~ j,  m 
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FIG. 12. Multiple  innervation  of a  single  electroplaque.  Intracellular recording 
from a cell which was hyperpolarized with another intracellular electrode.  Multiple 
exposures. A, a maximal stimulus was delivered to a nerve about 1 cm. distant from 
the plaque evoked a large p.s.p, which did not, however, fire the hyperpolarized cell. 
A  second  stimulus  of progressively  increasing  intensity was  applied  close  to  the 
innervated surface during the peak of the first p.s.p. The additional p.s.p, it produced 
had two steps which appeared in all-or-none fashion. B, the second stimulus was held 
maTimal, while the first was gradually varied. Then, stepwise increases in the first 
p.s.p, were observed,  which were also associated  with decreases in the p.s.p,  evoked 
by the second stimulus.  Further details in text. 
However, positional  effects may also  have  contributed  to  the  difference in 
size, owing to electrotonic decrement. 
Synaptic Latency.--The latency did not vary appreciably with the strength 
of either stimulus in Fig.  12, but the p.s.p.'s were evoked by the closer stim- 
ulus with a shorter latency. From the difference in latencies and the distance 
between the two stimulus sites, a conduction velocity of 30 m./sec, is indicated 
for the nerve fibers. This is close to the value found in the electric eel (7). The 
stimulus applied at the innervated surface must have excited the p.s.p.'s with 
a  minimum of conduction time in the presynaptic fibers. The latency of 0.6 
msec.  therefore was  composed chiefly of delays in the onset of synaptic ac- 
tivity (32). 1090  ELECTRIC  ORGAN  IN  G.  CARAPO 
Facilitation of p.s.p.'s.--While  spikes of the electroplaques did not increase 
in amplitude during a  train (Fig.  7),  the p.s.p.'s evoked by repetitive neural 
stimuli sometimes did  (Fig.  13).  The homosynaptic facilitation caused by a 
brief train  of activity decreased gradually  during  about 0.5  sec.  A  local re- 
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FIG. 13.  Facilitation of p.s.p.'s. A train of seven stimuli at 30/sec. to a nerve pro- 
duced p.s.p.'s without spikes.  The last response in the train was about 50 per cent 
higher than the first. A testing stimulus was given to the same nerve at various inter- 
vals after the train (A-F). The response in isolation (equivalent to that in F) was 
slightly smA|ler than the initial p.s.p, in the train. About 20 msec. after the train the 
test response was larger than the last p.s.p, of the train. The facilitation declined dur- 
ing nearly 0.5 sec. MICHAEL  V. L. BENNETT  AND HARRY  GRUNDFEST  1091 
sponse evoked by the larger p.s.p, may have also contributed to the increased 
amplitude. The duration,  of the facilitation is less than is that observed in the 
electric eel (4, 8). 
Post-tetanic potentiation (39)  was small. For example, in one experiment, 
after a train of 125 stimuli at 50 sec. the p.s.p, was about 15 per cent smaller 
than in the initial response. During the first 0.5  sec.  after this conditioning 
90/sec. 
130/sec. 
170/sec. 
2Omsec. 
FIG. 14. Repetitive excitation of p.s.p.'s.  IntraceUular  recording.  A  single nerve 
fiber supplying an electroplaque was stimulated at the frequencies indicated in the 
figure. The stimuli began and ended during the sweep. Before each stimulus the elec- 
troplaque was hyperpolarized  through another intracellular  microelectrode, and this 
prevented discharge of the cell. Only in the train at 170/sec. were the p.s.p.'s decreased 
in amplitude, but the decrease (about 30 per cent) occurred only during the first few 
stimuli. Then, the response stabilized. 
stimulation, the p.s.p, grew to a maximum value about 20 per cent above the 
initial level. The facilitated response then declined, reaching the initial level 
about 7 sec. after the conditioning stimulation. 
DeFession of p.s.p.'s.--When a  single nerve fiber was  stimulated repeti- 
tively at successively higher frequencies (Fig.  14),  the height of the p.s.p.'s 
was  reduced  (C).  The frequency (170/sec.)  was  three  times  that normally 
occurring in the most rapidly firing carapo. At 130/sec. (B), twice the normal 
discharge rate of the organ, the p.s.p, was not decreased. On the presentation 
of two stimuli through the same nerve fiber at very brief intervals it was 
rarely possible  to  reduce markedly the second p.s.p,  before the nerve fiber 1092  ELECTRIC  ORGAN  IN G. CARAPO 
failed to respond to the second stimulus. This is decidedly different from the 
case in some of the marine electric fishes (14) and may reflect the high normal 
discharge rate of carapo. 
Pharmacological  Characterization  of  the  F-3ectroplaques.t--The synaptic 
membrane  in  carapo is  cholinoceptive.  It  was  depolarized  by acetylcholine 
and  carbamylcholine, and the neurally evoked responses  were blocked by d- 
tubocurarine.  Quantitative  studies of pharmacological  action on carapo elec- 
troplaques have not as yet been made. 
E. Analysis of the Organ Discharge in Ter~s of tke Aaivity of 
Individual E,  lectroplaques 
Tke Components of the Activity in an E,  lectroplaque.--The response  which 
occurs in a single electroplaque during activity of the organ (Fig.  15) was dis- 
sected electrophysiologically by hyperpolarizing the cell, as in Fig. 9 for the 
response evoked by nerve stimulation. The extracellular potential outside the 
electxoplaque  was difficult  to evaluate because of the potentials generated by 
other ceils, and chief reliance must be placed on intracellular recordings.  The 
spike (Fig.  15, B) clearly had a prefatory, slowly rising  component. That the 
spike was itself double was demonstrated by the appearance of a notch on the 
response of the weakly hyperpolarized electroplaque  (C)  and  the associated 
delay of the negative phase of the external recording from outside the unin- 
nervated  face.  Stronger  hyperpolarization  delayed further  and  reduced  the 
activity of the unirmervated face. It was finally blocked (G) with an associated 
loss  of negativity in  the  external  recording.  A  notch  also appeared  on  the 
rising  phase of the remaining  potential,  indicating  that  the spike of the in- 
nervated face was becoming delayed on the p.s.p.  The  delay became more 
prominent (//) and at the same time the external record broadened in its late 
positive component. The spike was blocked with still  stronger hyperpolariza- 
tion (I), leaving only the p.s.p., enlarged by the hyperpolarization. Ordinarily, 
hyperpolaxization of electroplaques excited by stimulation of afferent nerves 
blocked the spike without fragmenting  it  into its  two components  (Fig.  9). 
The difference  is probably due to the large p.s.p,  produced in the organ ac- 
tivity and the location of the synapfic membrane in the lower threshold face. 
Formation o/the Organ Discharge  from the Activities of tke Elearoplaques.-- 
The synchronized and predominantly triphasie organ discharge  is synthesized 
from the responses  of the electroplaques in the four tubes (Fig.  16). The oscil- 
lographic records on the left of the figure show the responses  in electroplaques 
of the tubes intracellularly recorded at three levels of the fish (A, B, C). These 
responses are all  aligned  (vertical line)  in relation  to the simultaneously re- 
corded organ discharge  at the tail of the fish. The electroplaques in tube 1, in 
s These experiments were carried out with Dr. M. Wurzel. MICHAEL  V.  L.  BENNETT  AND  HARRY  GRUNDFEST  1093 
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FxG. 16.  Constitution of the organ discharge in terms of the activities in the elec- 
troplaques  of its  four  tubes.  Left,  intraceUularly  recorded  responses  of  individual 
electroplaques it tubes at the three levels of the fish indicated in the center diagram 
The potentials are somewhat distorted  by pickup from other active electroplaques. 
The heavy vertical bar, which denotes the onset of the organ discharge~  is the time 
reference for this and the other sequences of recordings. The electroplaques of tube I 
discharged 0.2  msec. before the cells in the other tubes fired nearly synchronously. 
B, intracellular  activity of electroplaques in tubes  I, 2, and  3 in the middle of the 
fish. Lowest trace in simultaneous recordings is of potential at tip of taft used as the 
time reference. At this level the electroplaques to tube 1 also fired earlier than those 
in tubes 2 and 3, but the discharge preceded slightly the firing of the caudal dectro- 
plaques of tube  I  (.4).  C, only one tube continued  to this level. The electroplaques 
were caudally innervated and probably represent those in tube 3. The response arose 
approximately at the same time as did activity in the caudally innervated electro- 
plaques at B. Rigltl, organ activity as recorded at the tail, synthesized by summation 
of the potentials externally produced by the columns of electroplaques. Broken verti- 
cal line indicates  the  start  of discharge  of the  three  tubes  of caudally  innervated 
electroplaques.  The  electroplaques  of  tube  i  contribute  a  smaller,  earlier  diphasic 
potential which is initially positive. mC~L~T,  v.  L.  B~.~U~TT  AND  ~Y  ~UND~ST  1095 
which  the  innervation  is  rostral,  discharged  first  and  approximately  syn- 
chronously at levels A and B. The first potential which this tube contributes to 
the external record is tail-positive and is shown schematically at the top right 
of the figure. The dectroplaques in the other three tubes discharged somewhat 
later and also synchronously. Their contribution to the external potential is 
initially tail-negative and larger.  This contribution (right) and the earlier and 
smaller potential generated by activity in the dorsal tube combine to produce 
a triphasic response. 
F.  Tke Sensory Receptors of the F_2extr~al Guidance System 
In the course of the present work several types of data were obtained that 
supplement  the extensive studies of Lissmann  (44,  45)  on the properties of 
the sensory receptors which apparently utilize the electric organ discharges  as 
their sensory input.  All  the gymnotids examined thus far exhibit avoidance 
reactions to a  metal probe as compared with the effects of a  plastic one, or 
one of insulated metal. The responsiveness to the former persists in a blinded 
animal.  The  sensitivity is  exhibited  when the probe is  presented  anywhere 
along the body, but may vary in degree. However, quantitative measurements 
of the differences have not been made. 
Neither the location of the sense organ nor, indeed, the structure itself has 
been identified as yet, but several kinds of data indicate that the sense organ 
is bilaterally distributed along the body, probably (eft references 44, 45, 56) as 
part of the lateral line system. Section of the vagal component did not abolish 
the sensitivity of the fish  to metals. However, in gymnotids there is a  large 
facial nerve component in the lateral  line  innervation.  Section of this  com- 
ponent, at the level where it crossed the hyomandibular bone, resulted in loss 
of sensitivity along the body, but not at the head. Unilateral section produced 
a  deficit on this side with the avoidance response always a  movement away 
from the intact  side.  Therefore,  the bilaterally distributed sensory receptors 
must  operate  not  at  a  spinal  segmental  level,  but  through  cranial  afferent 
inflow. 
DISCUSSION 
A. Anatomical Features 
The Organization  into Tubes.--The complex pulses which are generated by 
the electric organs of Cryranotus carapo are due to a combination of anatomical 
and  electrophysiological  factors  that  have  been  analyzed  in  the  foregoing. 
The organization  of the  electroplaques into  series  arrays,  that  are  confined 
within relatively well insulated tubes, channels  the currents generated by the 
activity. This max;mlzes  the current flow at the ends of the body. The same 
anatomical arrangement,  with various modifications,  has been found in other 
gymnotids (unpublished),  and probably aids the utilization of the pulses for 
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be related functionally to the submental filaments of Steatogenys elegant which, 
on histological  grounds, appear to be electric organs (46). 
The tubes and  electroplaques of G. carapo were described by Shaffer (51) 
who,  however, failed to  note  the  different  innervation  of  tube  1.  Couceiro 
eta/. (21) have described "electrotubes" in Sternarchus  alln'frons in which the 
electroplaques were thought to form rings  on their circumferences.  Since  the 
organ discharge  of Sternarckus  is  diphasic,  it is possible that  the anatomical 
and electrophysiological  properties of the electroplaques are similar  to those 
of carapo. 
By way of contrast, it may be mentioned that the electroplaques of Eigen- 
raannia  virescens differ in  two  respects,  Whereas  in  carapo they.  are  short 
compared with the segments in which they lie, the electroplaques in this fish 
are long, and there is little space between them. Furthermore, all the electro- 
plaques in Eigenmannia are innervated in the same way, at their caudal pole. 
The discharges  of this fish are essentially monopolar (cf. reference 32) which 
comports with the organization  of their electric organs.  Detailed analysis of 
this activity will be described elsewhere. 
Innervation.--The  second  anatomical  factor,  the  different  orientation  of 
the electroplaques in one tube with respect to those of the other three tubes, 
is one of the causes for the complex form of the organ potential. In carapo, as 
in all other electric fish that have been studied thus far, except Malapterurus 
(32,  40),  Pacini's  rule is obeyed; i.e., the innervated  surfaces of the electric 
organ become negative on discharge.  The rostral and caudal iunervations of 
the electroplaques in the different tubes are not seen in the electric eel. How- 
ever, the accessory organ recently found in Narcine brasiliensis  (48) provides 
another  example  of  differently  oriented  electroplaques  within  a  single  in- 
dividnal. The apparently anomalous situation with respect to Paeini's rule in 
Malapterurus has been analyzed recently (13). 
The occurrence  of differently innervated  electroplaques in carapo suggests 
that those of tube 1 derive from a different muscle group than do the cells of 
the other tubes. Still another group of mnscle tissue may have been the pre- 
cursor of the rostral,  elongated electroplaques.  In  the electric  eel,  which  is 
generally considered the closest relative of G. carapo (24, 25), the electric organ 
is clearly derived from three muscle groups, and its parts are physiologically 
as well as anatomically distinguishable (32). It is of further interest that either 
(or both)  the Sachs or the Hunter  organ  of the electric eel begins  to  emit 
pulses at about 25/sec. when the fish cruises  in its tank. 
B.  Elec,  tropttysiological Features 
The Electrically Excitable Membrane.--The electrophysiological  complexities 
of the electroplaques of carapo provide interesting features.  Contrary to the 
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the marine electric fishes (14, 16), both major surfaces  of the electroplaques 
are active in carapo. This tends to detract from the capacity of the electric 
organ to generate high voltages.  If the two surfaces were excited  simultane- 
ously, the external potential would be negligible, since the potentials of the 
two faces would be opposed. It is the non-uniformity of the two electrogenic 
surfaces in respect  to threshold and innervation that nevertheless permits the 
electroplaques  of carapo  to produce  large  external potentials and thereby to 
function as components  of an electric organ.  The delayed onset of the spike 
of the uninnervated membrane allows a voltage difference across the electro- 
plaque, but this difference is diphasic. First, the innervated surface is negative, 
then it becomes positive.  In Ma/apterurus electroplaques  the two major sur- 
faces are also electrically excitable, but one face generates a spike which starts 
before the other and is larger and longer lasting. Therefore,  the potential dif- 
ference across the cell never reverses in sign (13). Both major faces of the elec- 
troplaques in several species of mormyrids become active, generating a diphasic 
potential (unpublished). 
The differential  properties  of the two excitable  membranes have been ex- 
amined only to a small degree. The firing levels are different as seen from the 
fact that a rheobasic stimulus first excites the innervated face. The strength- 
latency and  strength-duration curves  of the  two  faces  have different time 
courses,  the chronaxie  and the corresponding  latency of the innervated face 
being  the smaller.  Thus, when the electroplaques  are excited  by the rapidly 
rising p.s.p,  the threshold difference is greater than at rheobase  and tends to 
insure that the cells always discharge in a fixed manner during the activity of 
the electric organ. 
The spikes of the two faces are approximately of the same amplitude and 
duration. Whether the time constants of the membranes of the two faces are 
different  has not  yet  been determined. Preliminary measurements indicate 
that the resistance  of the two faces is of the same order of magnitude. This is 
unusual  in  electroplaques.  The  lminnervated  faces  of  Electrophorus (41), 
Raia (16), Torpedo, Narcine, and Astroscopus (14), have membrane with much 
lower resistance  than that of the innervated faces. In most of these fish the 
lowered  resistance  is  accompanied  by projecting papillae  or by inpocketing 
canaliculi  on the innervated surface  or  by both (cf. references  32,  47,  48). 
Malapterurus provides  the one other known case of s~m~lar resistances  of the 
two faces of the electroplaque.  In this form, also, both faces become active, 
and there is  little anatomically discernible  difference between the two faces 
(47). 
The present work  adds yet another case in which  spike-generating  mem- 
branes  of different characteristics  occur  in the same cell. The axon of the 
crustacean stretch receptor  has a lower threshold than does the cell body and 
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toneurons (10, 20, 29), but the anatomical basis for this interpretation of the 
step on the rising  phase of the motoneuron spike is less well founded, since 
the ceils lie hidden in the spinal cord. Recent work suggests that the cell body, 
or much of it, is electrically inexcitable (26, 27). In the supramedullary neu- 
rons of puffer, differences can be dearly demonstrated (11). The axons may be 
excited  by  intracellularly applied  depolarization  without  exciting  the  cell 
body or the neurite shaft. The electroplaques of MalapWrurus provide a still 
more sharply defined differentiation, since the two electrically excitable mem- 
branes not only have different thresholds, but also generate responses of dif- 
ferent duration and amplitude  (13).  There are several varieties of cells  in 
which the cell body and/or the dendrites are not electrically excitable and in 
which the spike-generating mechanism is restricted to the axons (cf. references 
17, 28, 34, 35, 54). 
The p.s.p.--The peripheral transmissional mechanism in carapo resembles 
that of electric eel (7) in the multiple innervation of each electroplaque and 
the brief duration of the excitatory, depolarizing  p.s.p,  which each nerve im- 
pulse produces. Multiple innervation is the general rule in other electric organs 
(14, 32, 48, 52). However, in Malapterurus only two nerve fibers, one on each 
side, innervate the whole organ. 
In Raia (16) the duration of the p.s.p,  is comparable to that of the e.p.p. 
in frog muscle fibers (cf. reference 18). In all other electric fishes in which this 
has been studied, the electroplaques generate relatively brief p.s.p.'s.  This is 
true equally for the gynmotids, which have membranes with electrically ex- 
citable components (unpublished) as well as for the marine fishes, in all of 
which the electroplaques are dectrically inexcitable (14). Raia electroplaques 
develop a long p.s.p,  despite the short time constant of their membrane. The 
falling phase of the p.s.p.,  while always longer than the time constant, does 
not depend directly upon the latter  (32).  This indicates that  other factors 
associated with action of the transmitter agent may determine the duration. 
Of interest in this connection is the fact that all the dectroplaques mentioned 
have cholinoceptive synapses (14, 16, 32, and this paper). 
Fadlitaaon.--Homosynaptic and heterosynaptic facilitation of p.s.p.'s  are 
also phenomena in which the kinetics of the release of transmitters may play 
a  role.  Heterosynaptic facilitation has  not  been  observed in  torpedine or 
Aaros¢opus electric organs (1¢), nor in the Sachs organ of electric eel (3, 4, 8). 
However, it has been observed in the main organ (4). Homosynaptic facilita- 
tion is a regular and prominent phenomenon in FJearopherus (8), but in carapo 
it is not always present. The degree of facilitation observed in these two gym- 
notids cannot be compared, however, for the measurements in FJearophorus 
involved spike discharges  of a population of electroplaques.  Relatively small 
changes in p.s.p.'s can thus lead to large changes in recorded potentials. In 
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dividnal electroplaques. Nevertheless, differences  in the degree of facilitation 
are observed in the electrically inexcitable organs,  in which only p.s.p.'s  are 
generated (14). In the main organ of Nardne the successive p.s.p.'s elicited by 
stimulating a single nerve fiber tend to become smaller.  In Astroscopus,  p.s.p.'s 
of nearly constant height are generated by neural stimuli at high frequencies 
(cf. Fig. 14 of this paper). On the other hand, the electroplaques of T. nobiliana 
(14) and of the accessory organ of Narcine (14, 48) show marked facilitation. 
Because of their size and the availability of several nerve fibers, electroplaques 
offer favorable material for further studies on the nature of synaptic facilita- 
tion.  In  this  relation,  also,  the  cholinoceptive character  of  the synapses is 
relevant. 
Latency of p.s.p.'s.--In carapo electroplaques the latency is about the same 
in the rostrally and caudally innervated electroplaques (Fig. 8). It is not modi- 
fied by the strength of the stimulus (Fig.  12), nor by hyperpolarization of the 
electroplaque by almost  100 Inv.  (Figs.  9 and  15). The total latency of the 
p.s.p, is composed of conduction in the presynaptic nerve fiber and of a syn- 
aptic latency (32, 35). The latter in carapo is about 0.6 msec.  (Fig.  12).  An 
irreducible synaptic latency is one of the characteristics  of electrically inex- 
citable  activity  (33).  In eel  electroplaques it  may have  a  value of several 
milliseconds  (32), and this is also the case in the electrically inexcitable electro- 
plaques of marine fishes (14). 
The  symptic  latency is presumably composed of the  time  taken by the 
secretory processes of the nerve terminals and the time required for the trans- 
mitter  to reach  and  act  on the  chemosemitive synaptic sites  (32,  35).  The 
passage of about 2 X  10  -s A through a tube of electroplaques, or about 10  -~ 
A/cm.  ~, did not modify appreciably the latency of the p.s.p. (Fig. 9 H). 
Impulse  Initiation  in  the  E,  lectrically  Excitable  Membrane.--The  p.s.p.'s 
evoked by individual  nerve  fibers may not  be large  enough  to  exceed the 
critical firing  level,  which in carapo is about 30 Inv. However, the excitatory 
effects of several p.s.p.'s sum electrotonlcally (Fig.  11). The max4mum p.s.p. 
generated by all the nerve fibers to an electroplaque is ordinarily much more 
than  enough  to  excite a  spike  (Fig.  12).  Therefore  the  synaptic excitation 
during a discharge (Fig. 15) has a high safety factor. 
In  carapo  electroplaques,  the  threshold  of the  electrically excitable com- 
ponent of the innervated membrane is always lower than is the threshold of 
the uninnervated face. The difference,  which is independent  of whether  the 
rostral  or the  caudal  face is  the one innervated,  remains  when the electro- 
plaques are denervated. Probably, other species of gymnotids also have elec- 
tric organs in which a further examination of the correlation between threshold 
and innervation is possible.  The ability of gymnotids to regenerate their elec- 
tric  organs  (reference  25;  confirmed in  the  present  work),  and  the  finding 
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the old, provide additional experimental approaches to a problem which may 
relate to the determination of function. 
Effect of the p.s.p,  on the Spike He/ght.--The primary response of excitable 
membrane is a  sequence of conductance changes for ions  (of. references  18, 
22, 33). In the electrically inexcitable synaptic membrane this response usually 
is not affected by its own electrogenesis  nor by changes  otherwise produced 
in  the membrane potential.  It tends to stabilize or "clamp"  the membrane 
potential  at an average "equilibrium potential"  which is determined by the 
electrochemical  gradients and by the relative conductances of the several ions 
that are involved. This accounts for the reduction of the spike by the endplate 
potentials of muscle fibers (cf. reference 18), by the p.s.p, of cat motoneurons 
(42),  and by the p.s.p,  of carapo electroplaques as shown in Fig.  10.  In  eel 
electroplaques the clamping action of the p.s.p, was not observed (7), but the 
recording  conditions of that work were not as favorable as in the present ease, 
particularly since in carapo the tubes limit the interference from other active 
electroplaques (Fig.  5). The effectiveness  of the clamping action at the motor 
endplate is considerably greater than in motoneurons or electroplaques, caus- 
ing more than 20 Inv. reduction in the spike amplitude (cf. reference 18). 
Central Control of the Organ Discharges.--Two  aspects must be considered 
in the case of the knifefishes.  The question of a  central  nervous mechanism 
which initiates  and  synchronizes a  discharge  of the organ  is common to all 
electric fishes,  but special  properties are indicated in  the setting  and main- 
tenance of the species-specific discharges  of continuously emitting fish. 
The electroplaques in a single  tube in carapo fire approximately synchron- 
ously.  However,  there  are  at  least  two different  timing  systems,  since  the 
electroplaques of tube  1 fire  before those of the other  tubes.  A  third,  still 
earlier  timing,  is indicated for the different electroplaclues  in the rostral sys- 
tem (Fig.  3), but the information on this activity is still incomplete.  The dif- 
ferences in the latencies of tube 1 and the other three (Fig.  16) are not due to 
differences in the synaptic delay at the electroplaques (Fig.  8). Since the fre- 
quency of the discharges  may be altered by changing  the temperature of the 
head alone (19), it is likely that a central command nucleus, such as is found 
in other electric fishes (Torpedo (2); electric eel (5, 6)), initiates the organ dis- 
charges.  Szabo (53)  has recently described cell groups in various gymnotids 
which may be their command nuclei. 
The synchronization of activity between the electroplaques of a given tube 
(Fig.  16) is of a high order.  The differences in latency were at most 0.2 msec. 
in the 8 cm.  electric organ, which would entail a  conduction velocity greater 
than 400 m./sec, if the synchronization were due to high conduction velocity 
in the nerve fibers.  The conduction velocity in the peripheral  nerve is about 
30 m./sec.  (Fig.  12).  The  same problem arose in  connection  with  the syn- 
chronized discharges  of the electric eel and  the analysis by Fessard and  his 
colleagues  (of. reference 1) probably applies also to carapo. In the eel the syn- MICHAEL  V.  L.  BENNETT  AND  HARRY  GRUNDFEST  1101 
aptic delays at  the spinal neurons  to their  excitation  by the impulses  of the 
command  nucleus vary in such a  way as to compensate for conduction  time 
in the spinal pathway.  The rostral neurons are discharged after a  larger syn- 
aptic delay and fire approximately in synchrony with the caudal neurons.  In 
Malapterurus a  high  degree  of synchronization  also occurs  (13),  but  in  this 
case the delay mechanism compensating for conduction time is in the periph- 
ery, since only two nerve fibers innervate  all the electroplaques of the organ. 
Only a few properties of the system responsible for the continuous emission 
of pulses can be deduced from presently available data.  As noted above, the 
frequency is set in the cranial portion of the neuraxis, and may well be due to 
intrinsic  activity  of  the  command  nucleus.  If  that  be the  case,  the  control 
"center" is accessible to influence by peripheral  sensory data (Fig. 2) in some 
fish, but in others it is not (32). Whether the setting of the frequency is central 
or not is a problem of considerable general importance, because of the species- 
specific discharge  rate  and because of the high  frequencies involved in some 
fish. The possibility of a peripheral mechanism has been pointed out (32), but 
it seems unlikely that such a mechanism could lead to synchronous discharges 
of a series array of electroplaques. In carapo a p.s.p, occurs in the electroplaque 
during  each organ  discharge  (Fig.  15).  The  p.s.p,  is  constant  in size and  so 
large  that  it  must  be maTimal,  or nearly  so. It may be concluded  that  the 
spinal cord neurons are discharging at the full repetitive rate in this fish. Intra- 
cellular  recordings  have  recently been obtained from neurons  in the  cord of 
Stetnarctms aIbifrans (unpublished).  These  cells  discharge  at  the  same  fre- 
quency as does the electric organ (800 per sec.; references 21, 32). 
If  the  discharges  of  the  command  nucleus  itself  control  directly  the  fre- 
quency of organ discharges,  then the neurons of the nucleus must fire in syn- 
chrony.  The  command  nucleus probably has  relatively few cells  (53),  which 
might  be interconnected  by afferent-efferent  synaptic  connections.  Intercon- 
nections of  the  supramedullary  neurons of Sph~oides maxulatus result  in  a 
remarkably well synchronized discharge of the forty or more cells which com- 
prise the cluster of these giant neurons (11). 
Continuous  emission  of  pulses,  even  at  the  relatively  low  frequency  ob- 
served  in  carapo, must  involve  considerable  movement  of ions,  particularly 
Na  + and K +, in the direction of the electrochemical gradient  during activity, 
and  against  it  by the  several  "pump"  mechanisms  of ionic transport  in  the 
intervals between activity.  The metabolic  requirements  of  the  electroplaque 
therefore  must  be  high.  The  short  duration  and  the  low  frequency  of  the 
spikes in carapo (or short "duty cycle," to use an engineering term) apparently 
permit  restoration  of  resting  ionic  concentrations  in  the  intervals  between 
the pulses. The activity of both faces must result in similar ionic inequalities 
across both faces of the  electroplaques.  These  conditions  apparently  do  not 
obtain in the case of electroplaques of some other fishes, which emit pulses at 
about  a  50 per  cent  duty  cycle, usually  at  higher  frequencies  than  that  of 1102  ELECTRIC  ORGAN  IN  G.  CARAPO 
carapo,  and which are generated at only one surface, as in St~rnopygus and 
Eigenmannia (unpublished data). 
Role of the Organ in a Sensory System.--Lissmann's work (44, 45) has estab- 
lished the extreme sensitivity of the fish to electric currents and the probable 
role of the electric organ in detecting conductance changes in the surrounding 
fluid. The triphasic organ discharge in carapo may improve on the animal's 
ability  to  differentiate  conductances.  However,  sensitivity  apparently  is 
equally great in other fishes which emit monophasic pulses.  The pulse type 
may therefore only be related to species identification. It is interesting to note 
that the pulse height is reduced considerably by salt concentrations that are 
likely to be met in the animal's habitat. 
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